Narrow-Linewidth Distributed Feedback Channel Waveguide Laser in Al$_2$O$_3$:Er$^{3+}$ by Bernhardi, E.H. et al.
Narrow-Linewidth Distributed Feedback Channel 
Waveguide Laser in Al2O3:Er3+ 
E. H. Bernhardi, L. Agazzi, K. Wörhoff, R. M. de Ridder, and M. Pollnau 
Integrated Optical MicroSystems Group, MESA+ Institute for Nanotechnology, University of Twente,  
P.O. Box 217, 7500 AE Enschede, The Netherlands 
We report on the fabrication and characterization of a distributed feedback channel 
waveguide laser in erbium-doped aluminium oxide on a standard thermally oxidized 
silicon substrate. Holographically-written surface-relief Bragg gratings have been 
integrated with the aluminium oxide waveguides via reactive ion etching of a silicon 
dioxide overlay film. The laser operates at a wavelength of 1545.2 nm and exhibits a 
threshold of 2.2 mW absorbed pump power, while it produces a maximum output power 
of 3 mW. The emission is TE polarized and has a Lorentzian linewidth of 
1.70±0.58 kHz, which corresponds to a Q-factor of 1.14×1011. 
Introduction 
Due to their high-quality emission properties in the third telecommunication window 
(1525-1565 nm), single-frequency erbium-doped dielectric waveguide lasers have found 
numerous applications within the telecommunication industry as well as the field of 
integrated optical sensors. Recently, Al2O3:Er3+ waveguides have been demonstrated 
with an internal net gain over an 80 nm wavelength range (1500–1580 nm) and a peak 
gain of 2.0 dB/cm at 1533 nm [1]. This emission bandwidth is larger than that of silica 
and provides greater potential for wavelength tunability [2]. The deposition process of 
Al2O3:Er3+ is straightforward and suitable for wafer-scale fabrication on a number of 
commercially available substrates. The relatively high refractive index of 1.65 and, 
hence, the high refractive index contrast between waveguide and cladding allow for the 
fabrication of more compact integrated optical structures and smaller waveguide cross-
sections. The small waveguide cross-sections result in higher pump intensities, which, 
in turn, is favourable to realize lasers with a low pump threshold. The first monolithic 
waveguide lasers in Al2O3:Er3+ were recently demonstrated by means of ring resonators 
[3]. These devices could be tuned to operate on several wavelengths in the range 1530–
1557 nm. 
In this letter, we report the fabrication and characterization of the first monolithic single-
frequency DFB channel waveguide laser in Al2O3:Er3+. The laser output power exceeds 
that of the previously demonstrated ring lasers by more than two orders of magnitude, 
while also providing the additional feature of transverse-electric (TE) polarized single-
longitudinal-mode emission. The Lorentzian emission linewidth is as low as 1.70 ± 0.58 
kHz at a wavelength of 1545.2 nm.  
Fabrication  
The 1-µm-thick Al2O3:Er3+ waveguide layer was deposited onto a thermally oxidised 
silicon wafer [4]. The erbium concentration of this waveguide laser was set to 
3×1020 cm–3. As a result of simulations with a DFB laser model which combines laser 
rate equations and coupled-mode theory, this erbium concentration has been identified 
as an optimal choice [5]. Ridge waveguides with a length of 1 cm, an etch depth of 
100 nm and a width of 3 µm were etched into the layers via reactive ion etching 
(RIE) [6]. Plasma enhanced chemical vapour deposition (PECVD) was then used to 
deposit a 650-nm-thick SiO2 cladding layer on top of the waveguides. By making use of 
laser interference lithography (LIL), a surface relief Bragg grating was transferred into 
the SiO2 layer by means of a CHF3:O2 reactive ion plasma. The grating extended over 
the entire 1-cm length of the waveguide. The resultant gratings have an etch depth of 
~150 nm with a period of 488 nm and a duty cycle of ~ 50%. This waveguide geometry 
supports only single transverse-mode operation at the 1480-nm pump and 1545.2-nm 
laser wavelengths. Fig. 1 shows a top-view scanning electron microscope (SEM) image 
of the Bragg gratings that were realised in the SiO2 cladding layer.  
To ensure single-longitudinal-mode laser operation, a quarter-wave phase shift was 
introduced to the DFB cavity by means of a 2-mm-long adiabatic sinusoidal tapering of 
the waveguide width in the center region of the cavity [7]. The waveguide width was 
increased adiabatically from 3.0 µm to 3.45 µm in the phase-shift region. It is 
convenient to manufacture the phase-shift in this manner since the phase-shift is defined 
during the same photolithographic step in which the waveguides are defined and it does 
not require any additional fabrication steps. 
 
 
 
Figure 1: A top-view SEM image of the surface relief Bragg grating that was fabricated in the SiO2 
cladding on top of an Al2O3:Er3+ ridge waveguide. 
Characterization 
The Al2O3:Er3+ DFB channel waveguide laser was optically pumped with a 1480-nm 
laser diode via a 1480/1550-nm wavelength division multiplexer (WDM) fiber. The 
laser emission was measured on the pumped side of the cavity by means of the 1550-nm 
WDM port, which was connected to a power meter. The common port of a second 
1480/1550-nm WDM fiber was connected to the unpumped side of the cavity. Its 1480-
nm port was connected to a second power meter in order to measure the unabsorbed 
pump power, while the 1550-nm port was connected to an optical spectrum analyzer 
(OSA) with a maximum resolution of 0.1 nm. Both WDM fibers were butt-coupled to 
the respective ends of the optical chip by making use of index matching fluid at the 
fiber-chip interfaces. The maximum pump power that could be launched into the 
waveguide with this configuration is 67 mW, with a launch efficiency of 27%. The 
power characteristics of the laser are shown in Fig. 2(a). The threshold occurred at an 
absorbed pump power of 2.2 mW, after which a maximum laser output power of more 
than 3 mW was demonstrated for 10 mW of absorbed pump power. This resulted in a 
slope efficiency of 41.3% versus absorbed pump power. The low threshold is a direct 
consequence of the strong light confinement and small waveguide cross-section, which 
is possible due to the relatively high refractive index of Al2O3. Further power scaling 
was limited by the available pump power.  
The OSA measurement showed that the laser operated at a wavelength of 1545.2 nm on 
a single longitudinal-mode. A direct measurement of the laser linewidth was not 
possible with this setup since the laser emission linewidth was limited by the 0.1-nm 
resolution of the OSA. Characterization of the Bragg gratings showed that the Bragg  
reflection of the TM mode occurs at a wavelength of ~1533 nm with a reflectivity which 
is insufficient for the laser to reach threshold on the this polarization. This result led us 
to the conclusion that the laser was operating TE-polarized at all times.   
In order to resolve the linewidth of the laser, a delayed self-heterodyne interferometer 
[8] with an 80 MHz acousto-optic modulator and an 8.9 km fiber-delay was 
implemented. The measured radio frequency (RF) beat signal is shown in Fig. 2(b). The 
interference fringes that are observed in the measured RF power spectrum indicate that 
the coherence length of the DFB laser is considerably longer than the 8.9 km fiber, so 
that the two optical signals in the respective branches of the interferometer are still 
highly coherent. Since the lineshape is distorted by the superimposed interference lobes, 
the Lorentzian laser linewidth cannot simply be inferred from this measurement. 
However, the laser linewidth for such a sub-coherence delay length can be extracted via 
a least-squares fit of the theoretical RF power spectrum to the measurement [9]. The 
inferred -3 dB Lorentzian laser linewidth of the laser is 1.70 ± 0.58 kHz, which 
corresponds to a coherence length of more than 55 km and a Q-factor of 1.14×1011.  
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Figure 2: (a) Laser output power of the DFB laser as a function of absorbed pump power (circles). The 
dashed line represents a linear fit with a slope efficiency of 41.3%. (b) Measured RF beat signal (circles), 
along with the best fitted theoretical RF power spectrum of a 1.70 kHz Lorentzian linewidth (solid curve). 
The calculated RF power spectrum curves for Lorentzian linewidths of 1.70 + 0.58 kHz (dashed curve) 
and 1.70 − 0.58 kHz (dashed-dotted curve) enclose 68% of the measured data. 
To determine the uncertainty δν in the laser linewidth, we calculated theoretical RF 
power spectra corresponding to Lorentzian linewidths of 1.70 ± δν kHz, such that they 
enclose 68% (in analogy to one standard deviation) of the measured data. This method 
suggests a linewidth uncertainty of δν = 0.58 kHz. The calculated RF power spectra 
associated with Lorentzian linewidths of 1.70 + 0.58 kHz and 1.70 – 0.58 kHz are 
shown in Fig. 2(b).   
Summary 
We have reported on the fabrication and characterization of an Al2O3:Er3+ monolithic 
DFB channel waveguide laser which, to the best of our knowledge, represents the first 
rare-earth-ion-doped DFB laser on a silicon substrate. The low-threshold laser 
demonstrated single-longitudinal-mode, single-polarization emission with a linewidth of 
1.70 ± 0.58 kHz. A maximum output power of more than 3 mW was achieved with a 
slope efficiency of 41.3%.  
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